Allergic asthma is characterized by a Th2-dominated immune response to inhaled allergens like house dust mite (HDM), cockroach, and animal dander, which leads to eosinophilic inflammation of the airways, goblet cell metaplasia (GCM), and bronchial hyperreactivity (Barnes, 2008) . The incidence of allergic sensitization to inhaled allergens has steadily risen over the last 60 yr, and in some countries up to one third of children have a positive skin prick test to environmental allergen (Umetsu et al., 2002) . The various molecularly defined allergens found within the HDM Dermatophagoides pteronyssinus are the most common triggers of allergic asthma worldwide, which has led to the development of animal models that use inhaled HDM extracts to study the cellular and molecular mechanisms of allergic sensitization. Recent studies have shown that inhaled HDM extract stimulates Th2 immunity by acting on barrier epithelial cells (ECs), antigen-presenting DCs, and innate immune cells like basophils and mast cells (Hammad et al., 2010; Wills-Karp, 2010; Lambrecht and Hammad, 2012) . One predominant way by which HDM induces Th2 immunity is by triggering the TLR4 receptor expressed on bronchial ECs, through its major allergen Der p 2 together with endotoxin contained in fecal pellets of the mite (Trompette et al., 2009) . There is also evidence that components of HDM trigger C-type lectin or protease-activated receptors and thus contribute to the recruitment and activation of innate and adaptive immune cells (Barrett et al., 2009; Nathan et al., 2009; Lewkowich et al., 2011) .
Research from various laboratories has shown that triggering of pattern recognition receptors on ECs leads to release of innate proTh2 cytokines like thymic stromal lymphopoietin (TSLP), GM-CSF, IL-25, and the IL-1 family member IL-33 that share the capacity of activating DCs (Hammad et al., 2009; Phipps et al., 2009; Kool et al., 2011) . In this regard, TSLP has received much attention as it promotes Th2 ( Fig. 1 A) , peribronchial and perivascular infiltration of mononuclear cells, lymphocytes, and eosinophils, and GCM ( Fig. 1 B) , whereas sham PBS-sensitized mice exposed to HDM did not. In their serum, HDM-sensitized mice produced HDM-specific IgG1 and IgE, whereas Th1 cytokinedependent IgG2a antibodies were not induced (Fig. 1 C) . HDM-sensitized and challenged mice developed bronchial hyperreactivity to methacholine, whereas sham-sensitized mice did not (Fig. 1 D) . These features of asthma were accompanied by enhanced production of Th2 cytokines IL-13, IL-5, and IL-10 in the mediastinal LNs (MLNs; Fig. 1 E) . The levels of IL-17 and IFN- were not induced significantly by active HDM sensitization. Importantly, when these experiments were performed in Il1r1 / mice, there was a strong reduction in lung eosinophilia and lymphocytosis, GCM, HDM-specific IgG1 and IgE production, and bronchial hyperreactivity to methacholine. In addition to severely impaired Th2 cytokine production, we also noticed that production of IL-17 was impaired in Il1r1 / mice, consistent with a known role for this cytokine in Th17 development (Sutton et al., 2006) .
HDM sensitization depends mainly on IL-1, not IL-1
These experiments demonstrated that IL-1RI signaling is crucial for development of asthma but did not address whether IL-1 is required during sensitization (i.e., the first administration of HDM) or challenge phase (days 7-12) of the response. Also, as IL-1 and IL- both trigger the IL-1RI equally well, we addressed their relative contribution during sensitization or challenge. Neutralizing IL-1 with a blocking antibody during sensitization led to strongly reduced airway eosinophilia and lymphocytosis ( Fig. 1 F) , serum HDM-specific Ig levels ( Fig. 1 G) , Th2 cytokines (Fig. 1 H; only IL-13 shown as representative Th2 cytokine), and periodic acid-Schiff (PAS)-positive GCM (not depicted). Neutralizing IL-1 during sensitization had no statistically significant effect on eosinophilic influx in the lung and on serum HDM-specific Igs (Fig. 1, F and G) . IL-1 neutralization did reduce levels of Th2 cytokine production in the MLNs, however to a lesser extent than IL-1 blockade (Fig. 1 H) . When either IL-1 or IL-1 was blocked during the challenge phase, there was no effect on BAL fluid cellular composition (Fig. 1 I) or any of the other parameters (not depicted).
Caspase-1 (a.k.a. IL-1 converting enzyme 1) is necessary to process pro-IL-1 into biologically active secreted IL-1, whereas it is not necessary for IL-1 biological activity (Dinarello, 2009) . We therefore sensitized WT and casp1 / mice to HDM and challenged them with HDM. No differences on lung inflammation (Fig. 1 J) or any of the other parameters (not depicted) were observed in casp1 / mice, further supporting the idea that mainly IL-1 is necessary for HDM-induced Th2 immunity.
One possible explanation for the differential effect of IL-1 versus IL-1 neutralization on development of HDM asthma could be different levels of production of either cytokine. We therefore measured the levels of IL-1 and IL-1 development by DCs, activation of innate lymphoid cells, and basophil hematopoiesis (Kitajima et al., 2011; Siracusa et al., 2011) . Transgenic (Tg) overexpression of TSLP in lung ECs led to enhanced Th2 responses to inhaled environmental antigens (Headley et al., 2009; Lei et al., 2011) . Studies in human severe asthmatics demonstrated increased levels of TSLP messenger RNA and protein in bronchial biopsy specimens and identified associations between TSLP promoter region polymorphisms and risk of developing asthma (Harada et al., 2011; Shikotra et al., 2012) . Although TSLP has become a prime target for intervention in allergic disease, other cytokines like IL-33, GM-CSF, or IL-25 could also control Th2 immunity to inhaled allergens (Fort et al., 2001; Hurst et al., 2002; Cates et al., 2004; Besnard et al., 2011) .
The signals that control innate cytokine and chemokine release from bronchial ECs are poorly understood, and it is particularly unclear whether released cytokines could act as a cascade, with one cytokine stimulating the release of another, and thus acting as a controller of allergic sensitization. This possibility was raised when in vitro studies on cultured lung ECs found that IL-1 is a potent upstream inducer of TSLP production (Allakhverdi et al., 2007; Lee and Ziegler, 2007; Lee et al., 2008) .
In this study, we have addressed the involvement of IL-1 in the interaction between HDM allergen, lung ECs, and DCs that leads to asthma. We found that mice lacking IL-1R on radioresistant cells, but not hematopoietic cells, were totally protected from mounting Th2 immunity and asthma to low doses of HDM. Experiments performed in vivo and in isolated air-liquid interface (ALI) cultures of bronchial ECs showed that this was caused by the TLR4-mediated release of IL-1, which acted in an autocrine manner on bronchial ECs to release DC-attractive chemokines, GM-CSF, and IL-33 but not TSLP. Consequently, allergic sensitization to low-dose HDM was only abolished in vivo when IL-1, GM-CSF, or IL-33 was neutralized. However, TSLP and its receptor became important when mice were exposed to high doses of HDM. These findings put IL-1 upstream in the cytokine cascade leading to epithelial and DC activation in response to inhaled HDM allergen. RESULTS IL-1RI signaling is crucial for development of asthma to HDM IL-1 and IL-1 are closely related cytokines that share biological activity by acting exclusively on the IL-1R1 on various cell types. To address how these two cytokines affect development of asthma, we sensitized WT and Il1r1 / mice using 1 µg HDM or PBS as a control and challenged all mice intranasally 1 wk later on five consecutive days with 10 µg HDM. This protocol differs from previously published work on HDM-driven asthma, where we (Hammad et al., 2009) and others (Cates et al., 2004; Lewkowich et al., 2005; Phipps et al., 2009 ) administered higher doses of HDM. Using this protocol, we observed that HDM-sensitized WT mice developed signs of allergic asthma, such as influx of eosinophils and lymphocytes in the bronchoalveolar lavage (BAL) fluid serum HDM-specific IgG1 (Fig. 2 B) , and GCM ( Fig. 2 C) compared with Il1r1 / → Il1r1 / mice, essentially illustrating that the irradiation and chimerism procedure did not affect the fundamental outcome of the experiment previously performed in unmanipulated WT and Il1r1 / mice. We observed a similar reduction in BAL fluid eosinophilia and lymphocytosis, HDM-specific Igs, and GCM in mice that lacked the IL-1RI on radioresistant structural cells (WT → Il1r1 / ), whereas no reduction was seen in mice lacking IL-1RI on hematopoietic cells (Il1r1 / → WT).
Autocrine IL-1 acts on ECs to promote production of chemokines and innate pro-Th2 cytokines Because of their exposed position as barrier cells of the lungs, bronchial ECs are prime candidates among radioresistant cells for producing IL-1, as well as responding to it. To address this possibility, we set up ALI cultures of primary ECs obtained from digested tracheas of various WT and gene-deficient mice. When these cultures were stimulated with HDM extract, they produced mainly IL-1 but not IL-1 (Fig. 2 D) , reflecting the situation seen upon in vivo exposure of the lung to HDM (Fig. 1 K) . We and others have previously reported that TLR4 stimulation of ECs is a crucial event in the development of Th2 immunity to HDM (Hammad et al., 2009; Trompette et al., 2009) . When ALI cultures were set up using tracheal ECs of Tlr4 / mice, HDM was less able to induce IL-1 production (Fig. 2 E) . When ALI cultures were set up in lungs, 2 and 24 h after HDM administration of naive mice and found that IL-1 levels were strongly induced at 2 and 24 h, whereas IL-1 was barely detected (Fig. 1 K) .
IL-1RI is necessary on radioresistant cells of the lungs
Because we observed that IL-1 was necessary for promoting Th2 immunity to natural allergens in the lung, we next questioned how it promoted Th2 immunity. The IL-1R1 is not only expressed on various immune cells like macrophages, DCs, T lymphocytes, mast cells, and eosinophils, but also on structural cells like fibroblasts and ECs. To address on which cell type IL-1R was necessary, we made a series of bone marrow chimeric mice. WT and Il1r1 / mice were sublethally irradiated and received donor WT or Il1r1 / bone marrow to allow for hematopoietic reconstitution. 10 wk later, we sensitized and challenged them with HDM. As in previous experiments ( Fig. 1) , WT → WT chimeric mice mounted higher degrees of airway eosinophilia and lymphocytosis (Fig. 2 A) , mice administered with HDM ( Fig. 2 F) . The HDM-induced production of IL-1 seen in the BAL of WT animals was absent in Tlr4 / mice (Fig. 2 F) . In addition, we also found no increase derived from Il1r1 / mice, however, HDM was however fully able to induce IL-1 production (Fig. 2 E) . Moreover, in vivo, the levels of IL-1 were also increased in the BAL fluids of WT , and Il1r1 / mice were exposed to HDM or PBS. Levels of IL-1 were measured in supernatants. (F) C57BL/6 WT mice were injected i.t. with PBS, uricase, or apyrase 30 min before exposure to PBS or HDM. Tlr4 / mice were exposed i.t. to PBS or HDM. BAL was collected after 2 h and was analyzed for the presence of IL-1. (G) Levels of GM-CSF, CCL20, and KC were measured in BAL fluids 24 h after exposure to HDM, IL-1, or PBS. (H) GM-CSF, IL-33, CCL20, and KC levels in supernatants of ALI cultures of WT and Il1r / mice exposed to PBS or HDM. (I) WT mice were injected i.p. with solST2r and with HDM i.t. IL-1 levels were measured in lung homogenates 24 h later. (J) Primary ECs from healthy donors (NBECs) and from asthmatic patients (DBECs) were exposed to HDM or PBS. Levels of IL-1 were measured 24 h later. (K) TSLP, IL-25, GM-CSF, and IL-33 levels in supernatants of NBEC and DBEC cultures exposed to HDM, IL-1, or PBS. (L) Primary ALI cultures of human healthy donors (NBECs) were exposed to PBS or HDM in the presence or not of different doses of IL-1ra. GM-CSF was analyzed in the supernatant of these cultures after 24 h. *, P < 0.05. Results show one representative experiment out of three. Results are shown as mean ± SEM. autocrine loop influencing the production GM-CSF, as shown previously in mice (Fig. 2 G) . NBEC cultures were exposed to PBS or HDM in the presence of different doses of a blocking IL-1R antagonist. IL-1Ra did not induce any cell death in the cultures as assessed by the absence of tight junction disruption (not depicted). As shown in Fig. 2 L, the addition of IL-1Ra to the cultures decreased the production of GM-CSF induced by HDM, demonstrating that the autocrine release of IL-1 was inducing GM-CSF production in human ECs.
Development of Th2 immunity to HDM depends on GM-CSF and IL-33
GM-CSF, IL-33, and TSLP are potentially important cytokines that were produced in the epithelial ALI cultures and/or in vivo upon HDM exposure in an IL-1R1-dependent manner. To fully understand the importance of these cytokines in the process of sensitization to HDM, we first sensitized and challenged TSLP receptor-deficient (Crlf2 / ) and WT C57BL/6 control mice to HDM. Using a low dose of HDM to sensitize and challenge mice (1 µg for sensitization followed by 10 µg for challenge for 5 d, as in all experiments), we observed that TSLP receptor signaling was not necessary to induce sensitization to HDM because these knockout mice developed identical eosinophilic and lymphocytic influx in the lungs (Fig. 3 A) and identical HDM-specific IgG1 levels ( Fig. 3 B) after HDM challenge and even increased cytokine levels after restimulation of MLN cells (Fig. 3 C) . The levels of IL-17 were increased in Crlf2 / mice. In addition, the administration of a low dose of HDM did not induce TSLP production in the BAL fluids compared with mice exposed to PBS (Fig. 3 D) . Similar results were obtained when Tslp / C57BL/6 mice or BALB/c Crlf2 / were used for experiments, suggesting that these results hold true across two strains of mice and when either receptor or its ligand is inhibited (not depicted). However, when we used a higher dose of HDM (100 µg) to sensitize and challenge mice, Crlf2 / mice developed less airway eosinophilia (Fig. 3 E) accompanied by a reduced Th2 cytokine production by MLN cells (Fig. 3 G) and showed increased IgG2a levels (Fig. 3 F) , indicative of a switch to a Th1 type of immunity. Moreover, exposure to a high dose of HDM was accompanied by an increase in BAL fluid levels of TSLP (Fig. 3 H) . These findings suggest that the role of TSLP in asthma is related to severity of the disease, as it is in humans. Interestingly, when IL-1R / mice were administered the high dose of HDM, they still failed to develop asthma features (not depicted).
To investigate the role of IL-33 in sensitization to lowdose HDM, we injected mice with recombinant soluble ST2 receptor (solST2r) to block IL-33 signaling. We found that the administration of solST2r at the time of sensitization led to a decrease in the number of eosinophils and lymphocytes in the BAL (Fig. 3 I) and in HDM-specific IgE and IgG1 in the serum (Fig. 3 J) . rST2 did not significantly affect the levels of cytokines produced by MLNs (Fig. 3 K) .
Because GM-CSF-deficient mice spontaneously develop alveolar proteinosis, we were not able to analyze the contribution in IL-1 levels in the BAL of mice treated with uricase at the time of HDM administration (Fig. 2 F) , indicating that uric acid (UA) produced in response to HDM exposure could induce IL-1 production. However, apyrase pretreatment to degrade any HDM-induced ATP production did not show an effect on IL-1 release (Fig. 2 F) .
Various pro-Th2 innate cytokines like TSLP, GM-CSF, IL-33, and IL-25, as well as chemokines like KC and CCL20 that can be produced by lung ECs, have been found to be induced in the lungs of HDM-exposed mice in vivo (Hammad and Lambrecht, 2008) . We next questioned whether epithelial IL-1 and IL-1RI signaling was involved in an autocrine loop influencing the production of these factors. When tracheal epithelial ALI cultures of WT mice were stimulated with HDM extracts, GM-CSF and KC were produced, in a process requiring TLR4 (Fig. 2 G) . The levels of TSLP, IL-25, and IL-33 in ALI cultures were around the detection limit of the cytokine ELISA and were inconsistent between repeat experiments, so we focused our attention on the production of GM-CSF and chemokines. ALI cultures stimulated with rIL-1 produced GM-CSF, CCL20, and KC, and these effects were not seen in Il1r1 / mice, showing that these effects were not caused by some contaminant in the IL-1 preparations (Fig. 2 G) . Strikingly, HDM was unable to induce GM-CSF and CCL20 production in ALI cultures generated from Il1r1 / mice, essentially demonstrating that autocrine release of IL-1 was inducing these factors in a process requiring TLR4 triggering by HDM. We next studied the in vivo production of early innate pro-Th2 cytokines and chemokines in WT and Il1r1 / mice by measuring their presence in lung homogenates 12 h after administration of HDM intratracheally (i.t.). As shown in Fig. 2 H, HDM administration in WT mice led to the production of GM-CSF, IL-33, CCL20, and KC, whereas TSLP and IL-25 were around the limit of detection in this assay (not depicted). The production of GM-CSF, IL-33, and KC but not that of CCL20 was severely reduced in Il1r1 / mice (Fig. 2 H) , suggesting that these cytokines are downstream of IL-1. Moreover, the blockade of IL-33 at the time of HDM administration did not affect IL-1 production in the lung, showing that IL-1 is upstream of IL-33 (Fig. 2 I) .
Human ALI cultures produce IL-1 and GM-CSF in response to HDM allergen To investigate the translational aspect of these findings, we stimulated ALI cultures of commercially available primary human bronchial ECs (healthy: normal bronchial ECs [NBECs]; asthmatic: diseased bronchial ECs [DBECs]) with HDM allergen after three passages of culture. Exposure of these cultures led to increased IL-1 secretion on the apical side, particularly in ALI cultures set up from DBECs (Fig. 2 J) . Exposure of the human ECs to HDM also led to GM-CSF and TSLP secretion on the basolateral side but not of IL-25 (Fig. 2 K) . Exposure of human ALI cultures to IL-1 also led to GM-CSF and IL-33 induction in NBEC cultures, but the GM-CSF response was significantly blunted in DBECs (Fig. 2 K) . We next addressed whether human IL-1RI signaling was also involved in an Administration of IL-1 is sufficient to promote sensitization to inhaled protein antigens The aforementioned experiments demonstrated that IL-1 was necessary for inducing Th2 immunity to HDM via activation of an epithelial cytokine cascade. As many parallel pathways might exist to induce Th2 immunity to natural allergens in the lungs, we next wanted to study whether IL-1 of genetic deficiency of GM-CSF on HDM-driven asthma (Stanley et al., 1994) . To address the functional importance of GM-CSF, we administered a neutralizing GM-CSF antibody at the time of low-dose sensitization to HDM. This lead to reduced eosinophilic influx in the lungs (Fig. 3 L) , reduced HDM-specific IgG1 (Fig. 3 M) , and Th2 cytokines in the MLNs (Fig. 3 N) . Moreover, the levels of TSLP measured in BAL fluids of the mice were very low and were not increased by IL-1 (not depicted). We also neutralized GM-CSF at the time of sensitization to OVA and IL-1 and subsequently challenged mice with OVA aerosol. Compared with mice receiving isotype antibody, GM-CSF neutralization reduced the influx of eosinophils and lymphocytes in the BAL fluid (Fig. 4 G) , production of OVAspecific IgE and IgG1 (Fig. 4 H) , and Th2 cytokines (Fig. 4 I) .
IL-1 induces Th2 sensitization via indirect effects on lung DCs
As eosinophilic airway inflammation, GCM, and allergenspecific Ig production are all controlled by CD4 T cell responses, we next addressed how mucosal IL-1 and IL-1R signaling could affect CD4 T cell activation and polarization. For that reason, we injected the model antigen OVA and measured T cell responses in the MLNs after first transferring a cohort of CFSE-labeled OVA-specific TCR Tg OTII cells. As the IL-1RI is also expressed on CD4 T cells and IL-1 was shown to directly affect T cell activation when given systemically or subcutaneously, some mice received IL-1RI-deficient OTII T cells (obtained from Il1r1 / × OTII mice). To eliminate the contribution of IL-1 on non-T cells and study whether mucosal IL-1 directly signals to T cells, WT OTII cells were also injected in Il1r1 / recipient mice. 1 d later, we instilled i.t. OVA ± IL-1 or PBS as a control and studied T cell activation 3 d later. In WT recipient mice, OVA-specific T cells was also sufficient to induce Th2 immunity. To address this, we administered an otherwise tolerizing dose of harmless OVA antigen to the lungs of naive C57BL/6, in the presence or absence of rIL-1. 10 d later, all mice were challenged with OVA aerosols. Addition of IL-1 resulted in a significant influx of eosinophils and lymphocytes in the BAL fluid compared with mice sensitized with only OVA or with PBS as a control (Fig. 4 A) . Co-administration of OVA and IL-1 also induced increased levels of Th2-dependent OVA-specific IgE and IgG1 in the serum (Fig. 4 B) , a Th2 cytokine profile in MLNs (Fig. 4 C) , GCM in lung ECs (Fig. 4 D) , and bronchial hyperreactivity (Fig. 4 E) . As in HDM-induced Th2 immunity, IL-1 had a mild stimulatory effect on IL-17 production, whereas IFN- was not induced. These stimulatory effects of IL-1 on Th2 immunity to OVA failed to develop in Il1r1 / mice, suggesting that they were not caused by some off-target contaminating moiety in the cytokine (not depicted). Similar results were obtained when we administered OVA together with recombinant IL-1, consistent with the idea that IL-1RI is stimulated equally well by IL-1 and IL-1 (Fig. 3, A-D) . Interestingly LPS, an innate adjuvant known to promote Th2 sensitization when administered at low dose, was able to increase bronchial hyperreactivity to the same extent as IL-1 (Fig. 3 E) . We then addressed the relative contribution of TSLP and GM-CSF in mediating the Th2-promoting effects of IL-1. The induction of Th2 immunity to OVA + IL-1 (as shown in As inhaled OVA is presented to CD4 T cells mainly by lung DCs and given the fact that CCL20 is a prototypical chemokine attracting immature DCs to the lungs and GM-CSF is an important development and maturation cytokine for DCs, we next studied whether IL-1 and the downstream cytokine cascade promoted development of Th2 immunity by promoting the antigen-presenting function of lung DCs. To address this, we administered OVA + IL-1 to mice in which CD11c + DCs do not express MHCII (MHCII fl/fl × Cd11cCre + ). MHCII fl/fl × Cd11cCre  littermates served as had divided more vigorously when IL-1 was injected together with OVA, regardless of whether the OTII cells were responsive to IL-1 or not (Fig. 5 A) . However, this effect was not observed in Il1r1 / recipient mice. Fig. 5 B shows increased IL-4, IL-5, and IL-17A expression in WT mice injected with WT or Il1r1 / OTII cells. However, if the recipient was deficient of IL-1RI, these cytokines were not increased above the level seen in mice receiving only OVA. These data show that mucosal IL-1 promotes Th2 immunity not by directly affecting antigen-specific CD4 T cells. triggering of the TLR4 receptor on radioresistant cells (Hammad et al., 2009; Tan et al., 2010; Kool et al., 2011) . This induces the release of epithelial cytokines (TSLP, GM-CSF, IL-33, and IL-25) and chemokines (KC and CCL20) that promote Th2 immunity by activating basophils, eosinophils, and DCs (Fort et al., 2001; Hurst et al., 2002; Cates et al., 2004; Saenz et al., 2008; Besnard et al., 2011) . We have set up ALI cultures of primary ECs from the conducting airways of mice and confirmed that GM-CSF, IL-1, and KC were produced by HDM-stimulated ECs in a process requiring TLR4. We did not find consistent induction of TSLP, IL-33, and IL-25 in the ALI cultures, which does not exclude a role for them in vivo. Strikingly, the production of GM-CSF was impaired in ALI cultures set up from Il1r1 / mice, uncovering the presence of an endogenous autocrine loop of IL-1 acting on IL-1RI on ECs to promote cytokine production. We also found evidence for this innate pro-Th2 amplification loop in vivo, as exposure of Il1r1 / mice to HDM led to significantly reduced production of GM-CSF, IL-33, and KC in lung homogenates, suggesting an important role for endogenous IL-1 in promoting Th2 immunity to allergens. Conversely, when we administered IL-1 to naive mouse lungs in vivo, we could induce production of GM-CSF and CCL20 (unpublished data). We have recently reported that endogenous danger signals like UA or ATP played an important role in the process of Th2 sensitization (Kool et al., 2011) . In this study, we show that HDMinduced UA production was required for IL-1 production. However the neutralization of ATP with apyrase did not affect IL-1 secretion in vivo, indicating that ATP might be downstream of IL-1 production or might be involved in a different pathway.
There are some subtle differences between the induction of cytokines and chemokines in the ALI cultures in vitro and the response seen in vivo. IL-33 was not induced by HDM in vitro but was consistently induced in vivo in a process requiring IL-1RI. This could be a potentially important observation, as IL-33 has been shown to promote Th2 immunity to allergens by stimulating the function of DCs and innate lymphoid cells (Besnard et al., 2011; Eiwegger and Akdis, 2011) . We have previously reported that Th2 immunity induced by inflammatory DCs is blocked when IL-33 signaling is blocked by administration of the soluble T1/ST2 receptor (Lambrecht et al., 2000) . In support, we also observed a decrease in the number of BAL eosinophils and HDMspecific Igs when IL-33 signaling was blocked at the time of sensitization in this HDM model.
A central role has been attributed to TSLP in the process of allergic sensitization (Zhou et al., 2005; Liu et al., 2007; Headley et al., 2009) . Several groups have reported that IL-1 can induce TSLP (Allakhverdi et al., 2007; Lee and Ziegler, 2007) , and a recent study demonstrated that lung DCs produce TSLP upon exposure to HDM (Kashyap et al., 2011) . We found that the development of Th2 immunity driven by IL-1 or by a low dose of HDM did not require TSLP or its receptor. When a high dose of HDM (100 µg) was used to controls. In control mice, OVA + IL-1 induced eosinophilia and lymphocytosis (Fig. 5 C) , as well as serum Th2-dependent OVA-specific IgG1 (Fig. 5 D) , Th2 cytokines in MLN cultures (not depicted), and GCM (not depicted). These features of asthma were strongly reduced in mice lacking MH-CII on CD11c hi cells.
We finally wanted to address whether and how IL-1 affected DC function and activation in vivo. To trace DC migration, we injected mice with fluorescently labeled OVA with or without IL-1. 1 d later, the MLNs were analyzed for the number of OVA-carrying DCs and their degree of maturation. Compared with OVA alone, the addition of IL-1 to OVA resulted in enhanced migration of DCs to the MLNs and increased expression of maturation markers CD80 and CD86 on the migrated DCs (Fig. 5, E and F) . The effect was also observed in Tlr4 / mice, demonstrating that the effect of IL-1 was not caused by endotoxin contamination in the recombinant IL-1. Enhanced DC migration and increased expression of maturation markers were inhibited if GM-CSF was neutralized at the time of OVA + IL-1 injection (Fig. 5 G) . To study whether DC functions were also affected by endogenous IL-1R, we studied the migration of lung DCs to the MLNs in WT and Il1r1 / mice exposed to HDM, a trigger for IL-1 release. As shown in Fig. 5 H, HDM administration led to enhanced DC migration to the MLNs, an effect strongly reduced in Il1r1 / mice.
DISCUSSION
In this study, we have uncovered a crucial role for IL-1R and IL-1 in causing Th2 sensitization to inhaled HDM. The precise role of IL-1 and IL-1 in development of allergy has been unclear and studied mainly using the model antigen OVA. In some experiments in which OVA alum was injected i.p., there was no role for either cytokine as Il1r1 / mice developed all features of asthma (Schmitz et al., 2003) . However, the administration of recombinant IL-1 at the time of OVA/alum sensitization was shown to reduce asthma features (Caucig et al., 2010) . In that study, IL-1 administration at later time points exacerbated the disease. In a milder model in which sensitization was induced in the absence of alum in Il1r1 / mice, asthma was reduced (Schmitz et al., 2003) . The most logical conclusion from these conflicting data is that the strength of model, the route of administration, and the cell population targeted might determine the requirement for IL-1 in disease development. The i.p. injection of IL-1 primarily targets peritoneal macrophages and induces Th1 responses that can suppress Th2 immunity (Caucig et al., 2010) . In our study, the i.t. administration of the cytokine preferentially triggers lung ECs, thus favoring Th2 immunity. Using radiation bone marrow chimeric mice and exploiting the natural route of pulmonary exposure to HDM, we provide evidence that IL-1R triggering on radioresistant lung ECs promotes the innate immune response to natural allergens, a feature which was also observed in cigarette smokeexposed mice (Botelho et al., 2011) . Development of Th2 immunity to inhaled HDM or model antigens requires OVA-specific TCR Tg T cells lacking IL-1RI. Strikingly, the same observation was made for induction of Th17 responses in the lung-draining nodes, which did not require IL-1RI on T cells. This is in contrast to studies in which IL-1 was given systemically or subcutaneously and promoted proliferation and Th2/Th17 immunity by directly acting on T cells (Sutton et al., 2006; Ben-Sasson et al., 2009) . One explanation could be that administration to the lung does not allow sufficient IL-1 to reach the T cells. In our opinion, the promotion of enhanced T cell proliferation and Th2 immunity is best explained by effects of IL-1 and GM-CSF on DCs, which subsequently promote T cell expansion and differentiation. In parallel, other cytokines like IL-33 that are simultaneously induced could affect T cells directly.
In conclusion, our experiments in mice and human bronchial ECs have unraveled a new mechanism that helps explain sensitization to HDM allergen. HDM triggers ECs to produce IL-1 in a TLR4-dependent manner. The IL-1 subsequently acts in an autocrine manner on the lung ECs, leading to secretion of proinflammatory chemokines, GM-CSF, and IL-33. Together, these recruit and activate inflammatory DCs that induce adaptive Th2 immunity to the allergen. It will be interesting to study whether this cascade of innate cytokines programming adaptive immunity is induced by other natural allergens, environmental pollutants, and respiratory viruses that cause allergy.
MATERIALS AND METHODS
Mice. TSLP receptor / (Crlf2 / ) mice on C57BL/6 background (backcrossed for at least 10 generations to C57BL/6) were provided M. Comeau (Amgen, Thousand Oaks, CA); Il1r1 / mice (backcrossed for 8 generations to C57BL/6) were provided by B. Ryffel (University of Orléans, Orléans, France); Casp1 / mice were provided by T. Vandenberghe (Flanders Institute for Biotechnology, Zwijnaarde, Belgium); and Mhc2 fl/fl CD11cCre + and Mhc2 fl/fl CD11cCre  mice were provided by A. Liston (University of Leuven, Leuven, Belgium; backcrossed for at least 10 generations to C57BL/6). Female C57BL/6 WT mice were obtained from Harlan. Tlr4 / (backcrossed for eight generations to C57BL/6) mice and MHCII-restricted OVA-TCR Tg OTII mice were obtained from the Jackson Laboratory. Mice were housed under specific pathogen-free conditions in individually ventilated cages in a controlled day-night cycle and given food and water ad libitum. All experiments were approved by the animal ethics committee of Ghent University.
Reagents. HDM extracts were obtained from Greer Laboratories. Recombinant soluble ST2 was provided by H. Braun (Flanders Institute for Biotechnology). Rasburicase (uricase) was purchased from Fasturtec, and human IL-1ra (anakinra) was obtained from Amgen. For sensitization of mice, endotoxin low OVA was obtained from Hyglos and Worthington Biochemicals, whereas for use during antigen challenge, Grade III OVA and apyrase were obtained from Sigma-Aldrich. We obtained purified anti-IL-1, recombinant mouse and human IL-1, IL-1, and IL-33, and ELISA Duoset for mIL-13, mKC, mCCL20, mIL-25, mIL-33, hIL-1, hIL-1b, hIL-33, hTSLP, and hGM-CSF from R&D Systems. ELISA to detect hIL-25 was obtained from Wuhan EIAab Science. FITC-labeled antibody to MHCII, PE-Cy5-labeled antibodies to CD3 and CD19, PE-Cy7-labeled antibody against CD49b, and APC-labeled antibody to CD11c, MHCII, and F4/80, and ELISA sets for mMCP1, mTSLP, and mIL-17A were acquired from eBioscience. FITC-labeled antibody to Ly6C, PE-labeled antibody against Siglec-F and Ly6G, Horizon V450-labeled antibody against CD11b, as well as mIL-1, mIL-1, mIL-4, mIL-5, mIL-10, mIFN-, and mGM-CSF sensitize and challenge mice, airway eosinophilia was reduced in mice lacking TSLPR. Exactly why there is this allergen dose-dependent effect of TSLP is unclear at present. In the high-dose model, IgG2a levels were increased, indicative of a mixed Th1 and Th2 response. As Th1 responses can counteract Th2 immunity, we speculate that the absence of TSLP or of its receptor further shifts the immune response to Th1 response. In the low-dose model, the threshold for Th1 induction might be too high for TSLP blockade to have this enhancing effect.
GM-CSF is a hematopoietic cytokine associated with Th2 immunity in the lung (Stämpfli et al., 1998; Ohta et al., 1999; Cates et al., 2004; Bleck et al., 2006) . This cytokine was reliably induced in vitro and in vivo by both HDM and IL-1. Not surprisingly, neutralization of GM-CSF at the time of sensitization to HDM or OVA + IL-1 in vivo strongly reduced the salient feature of asthma. Human bronchial ECs have been shown to make IL-1 and IL-1 in an asthmatic setting and also express the IL-1RI (Mattoli et al., 1990; Marini et al., 1991) . Our findings on cultures of human ECs demonstrated that IL-1 was increased after HDM exposure and that IL-1 could induce GM-CSF. It is therefore likely that the pathway that we discovered is also operative in humans exposed to allergens and could also help explain the adjuvant effects of air pollutants (Bleck et al., 2006 ).
In the current study, we identify IL-1 and not IL-1 as the predominant IL-1 cytokine driving the innate cytokine cascade, but we have not studied how IL-1 is produced. IL-1 can be released as a cytokine by inflammatory cells or as an alarmin by dying cells (Chen et al., 2007; Dinarello, 2009) . We have found it to be produced by bronchial ECs in ALI cultures and by alveolar macrophages early in the response to HDM (unpublished data). However, we have never detected dying cells after HDM administration (unpublished data), but more studies are required to rule out the possibility that dying cells contribute to IL-1 release. Experiments with casp1 / mice did not support a role for IL-1 in Th2 immunity, in line with a previous publication on the lack of involvement of the NLRP3 inflammasome in HDM-driven asthma (Kool et al., 2011) . However, various papers show that IL-1 could be cleaved to its active form outside the cell by enzymes (proteinase3 and elastase) secreted by neutrophils (Joosten et al., 2009 ). We found no significant reduction in HDM-induced Th2 immunity when neutrophils were depleted using antibodies at the time of sensitization (unpublished data).
DCs are necessary and sufficient to cause Th2 immunity to HDM (Hammad et al., 2010) . We found that the type of Th2 immunity induced by IL-1 relied completely on antigen presentation by DCs and that IL-1 induced the migration and activation of DCs in a GM-CSF-dependent way. Clearly, the process of Th2 development induced by mucosal administration of IL-1 or the enhanced proliferation of antigenspecific T cells seen did not require direct signaling of IL-1RI on T cells, as Th2 immunity was still induced when OVA and IL-1 were administered to the lungs of mice harboring
